Railway structures are endangered by natural hazards. A better understanding of historical railway disaster events and the exposure of railway infrastructures to natural hazards will facilitate railway planning and disaster risk management. This article compiles internet news to build the first database of Chinese railway disasters from 2000 to 2016. Based on the database, the temporal and spatial characteristics of main railway natural disasters and their driving factors are analyzed. By exploring the relationship between the railway disaster and hazard intensity, railway hazard susceptibility maps were generated. The results reveal that 34.35%, 1.91%, 18.22% and 7.18% of railway lines are exposed to very high hazard susceptibility values related to rainfall, gale, earthquake and tropical cyclone, respectively. A multihazard map was further developed based on the single-hazard maps, and we found that 15.10% of railway lines are exposed to very high multihazard susceptibility values. This is the first study to quantify the exposure of China's railway to multiple natural hazards. The methodology and results provided in this study have profound significance for the disaster risk management of the Chinese railway system and provide useful experience for other countries.
Introduction
Railway is one of the most critical forms of infrastructure in China. At the end of 2018, the length of the Chinese railway reached 131,000 km, and the railway crosses regions with diverse geological and geographical characteristics. During their service life, railways are subjected to threats of various disasters, including earthquakes, floods, hurricanes, snow and ice and forest fire. Each of these events has the potential to cause serious damage to railway infrastructure and can interrupt services. Moreover, in the event of a disaster, railways serve a vital role in relation to emergency relief. Therefore, it is important for authorities to know the disaster risks faced by railway infrastructures and how to prepare for these risks.
Many studies have been performed on railway disasters in China, for both national and regional railway lines (Yan 1993; Zhou et al. 1995; Yu and Liu 2001; Dong et al. 2004; Li et al. 2011; Wang et al. 2016 ). Xu and He (2012 , 2014 explored the temporal and spatial distribution characteristics of debris flow, landslide and flood-induced railway disasters based on recorded data from 1951 to 1998. The results showed that these three types of disasters affecting the Chinese railway were concentrated in summer, and the railway line with the most serious landslide risk was the Baoji-Chengdu railway line, while the Lanzhou-Lianyungang railway line had the most serious debris flow, and the railway with the most flood disaster risk was the Lanzhou-Alashankou Railway followed by the Beijing-Guangzhou Railway. Li et al. (2011) used recorded disrupted times and durations of railway lines belonging to the Lanzhou Railway Bureau to analyze the relationship between precipitation and railway flood disasters and found that the damages caused by various magnitudes of precipitation were different in different railway sections. A railway flood damage warning model was established in different sections. Qian (2009) investigated the distribution and cause of gale disasters in the Lanzhou-Alashankou railway. The authors found that strong and frequent wind, combined with the special topography, led to the severe gale disasters affecting the railway in that region. Yu et al. (2012) predicted the seismic hazard along the Qinghai-Tibet Railway by conducting seismic geological surveys along the Qinghai-Tibet Railway and analyzing nearly 100 years of seismic data. This result indicated that more than half of the mileage of the Qinghai-Tibet Railway is in a higher risk zone. Chen (2013) analyzed the ice-snow freezing disaster that affected railway power lines in Hunan Province in 2008. The most important reason for that disaster was that the wire ice load exceeded the design standard, causing transmission towers and power lines to break and resulting in the disruptions of train operation. These studies provide insight into the disaster risk faced by Chinese railway infrastructures. However, restricted by the limited existing railway disaster inventories, most of these studies were performed based on railway disaster data from 1951 to 2000, which was published by Chinese railway companies and focused mostly on single disasters (Liang et al. 2009; Ma et al. 2011) , and cannot reflect the current situation of railway disasters considering the expansion of railway infrastructure during the past decade and climate change. A database with recent railway disasters is urgently needed to facilitate railway disaster risk management.
With the incredible growth and increasing popularity of the internet, the 'paper age' has stepped into the 'electronic age'. People can read through electronic newspapers (Deacon 2007) , news, social media, blogs and other mass media (Black and Law 2004; Meltwater 2014; Pennington et al. 2015) to obtain the information needed. Du et al. (2015) developed a newspaper-based flood database for Shanghai (NFDS) for the period of 1949-2009 through a systematic scanning of newspapers and then analyzed possible changes in flood frequencies; the authors found that both the annual flood and the floods in June-August increased significantly. Taylor et al. (2015) presented a method to supplement existing records of landslides in Great Britain by searching an electronic archive of regional newspapers. This method not only added a source of confirmation of events existing in the National Landslide Database but also added more details to existing database entries. It is a feasible method to use technology to collect network disaster reports and additional railway disaster databases.
In this study, we build the first China railway disaster database from 2000 to 2016 by searching railway disaster news on the internet. The temporal and spatial characteristics of Chinese railway disasters are analyzed based on the developed database. Furthermore, the influencing factors are investigated, and a multihazard map for Chinese railway is generated. The remainder of the article is organized as follows. Section 2 presents the methodology for searching and filtering internet news to build the railway disaster database. In Section 3, the temporal and spatial patterns and driving factors of Chinese railway disasters are presented. Section 4 discusses the exposure of Chinese railways to multiple hazards. In Section 5, we summarize key findings of this study and highlight challenges for future research.
Data and methods
This article uses three search engines, i.e. 'Baidu', 'Bing' and 'Google', to search news about railway disasters. This process involves three main steps ( Figure 1 The search tag tree mainly includes three types of items: 'Railway name', 'Disaster name' and 'Train operation status'. Among them, 'Railway name' includes the names of all railway lines in China, such as the Beijing-Guangzhou railway line, Beijing-Kowloon railway line and Shanghai-Kunming railway line. 'Disaster name' includes the main natural disaster types, such as heavy rainfall, rainstorm, strong wind, earthquake, landslide, tropical cyclone, collapse and landslide. 'Train operation status' includes categories such as disruption, delay, derail and circuitous route.
Stage A2 Set up searching tasks
The final search tasks are performed using a combination of search items, e.g. landslide and Beijing-Guangzhou railway line or tropical cyclone and train disruption.
Stage A3 Build collection of railway disaster news
If the news contains any combination of the search items, the URL and title will be saved, and the preliminary database of railway disaster information is established.
Stage B1 Auto-filtration of searched data Data with the same URL or similar title are considered duplicate data, and only one record is kept.
Stage B2 Extract key information from the data Automatically extract the key information from the results after automatic screening, including 'URL', 'railway line name', 'disaster type', 'occurrence time' and 'location'.
Stage B3 Build collection of railway disaster information Export extracted information to build database of railway disaster information for further cross-checking and filtration.
Stage C1 Skim-read each news
After a preliminary automatic screening of the data, skim the data individually, delete the same disaster with different titles and ensure the URL is valid.
Stage C2 Delete invalid news and correct wrong information
Abandon data with incomplete information by viewing news content on a web page, and correct any wrong information in the extracted data. The 'occurrence time' extracted in stage B2 is prone to errors because of the misalignment of the news time and the time when the disaster occurred, and the location of the disaster, as well as the disaster type, can cause extraction errors because the format of the text of the news is not standard or may be unclear. 
Stage C3 Create railway disaster database
The railway disaster database can be established after the above steps are complete and is classified according to the types of disasters.
After searching and filtering online news reports, a total of 712 railway natural disasters were obtained for the time period from 2000 to 2016. We further selected five main natural disasters for analysis, including rainfall-induced disasters (flood, debris flow and landslide), tropical cyclone, earthquake, gale and snow. There were a total of 644 events. Figure 2 shows the frequency of these disasters. We can see that rainfall-induced disasters had the largest share (72.05%), followed by gale disasters (13.35%). The proportions of disasters caused by earthquakes, tropical cyclones and snow were relatively small compared with the proportion of rainfall-induced disasters. Although, there were fewer disasters caused by tropical cyclones and earthquakes, the damage impacts caused by these two disasters were substantial and widespread. For example, on 12 May 2008, more than 2500 kilometers of railway lines were seriously damaged by the Wenchuan Ms 8.0 earthquake. In 2016, the tropical cyclone named NiDa had affected railway lines in five provinces of China, and thousands of trains were stopped. Figure 3 shows the interannual distribution of the disaster events (disrupted times) caused by the aforementioned five hazards. There is an increasing trend between 2000 and 2016. The increase may indicate an overall increased exposure of infrastructure assets and an increase in the frequency of extreme weather events. From 2000 to 2009, the average annual number of railway disaster events was 13.9. After 2010, a steep increase was observed in number of railway natural disasters. From 2010 to 2016, the annual average number of railway disaster events increased to 72.1.
Results

Temporal characteristics of railway disasters
Interannual variation
The interannual frequency variations of different disasters are presented in Figure 4 . The total number of railway disaster events caused by precipitation from 2000 to 2016 was 464. From 2000 to 2009, the number of disaster events was relatively small, with an average annual number of 10.7 events. From 2010 to 2016, the number of disasters significantly increased, and the average annual number increased to 59.5 events. The annual variation of rainfall-induced railway disaster events is closely related to changes in precipitation. The average annual precipitation in China was 911.84 mm from 2010 to 2016, which was 8.35% higher than that of 2000-2009, while the average annual extreme precipitation (sum of daily precipitation total greater than 50 mm) was 205.74 mm, about 13.79% higher than that of [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] . The increase in the total amount of precipitation and the regional extreme precipitation were the key reasons for the increase in the number of rainfall-induced railway disasters. The two peak years, 2010 and 2016, were directly related to regional extreme precipitation events. On 31 May 2010, Hunan, Guangxi and Guizhou provinces experienced the most extreme rainfall recorded in the past 50 years and this event caused substantial and widespread damage in the Jiaozuo-Liuzhou railway line. In late July 2010, heavy rain in Northeast China affected the Shenyang-Shanhaiguan, Siping-Meihekou, Shenyang-Jilin and Baicheng-Aershan railway lines. In early July 2016, heavy rainfall occurred in southern provinces of China, and many railway lines were damaged, such as the railway lines of Beijing-Guangzhou, Beijing-Kowloon, Neijiang-Kunming and Hengfeng-Fuzhou.
There were a total of 86 railway disaster events caused by gale during the studied period, and these events were rare before 2009 and quickly increased afterwards. The peak year for gale events was 2012, according to the data from 375 complete meteorological stations. There was no obvious upward trend in the average daily wind speed and strong wind days across the country after 2012. The change in gale railway disasters could be due to the change in local wind speed.
The total number of railway disaster events caused by earthquake was 34, and two peak years were 2008 and 2015. The high number of disaster events in 2008 was mainly due to the effects of the Wenchuan earthquake. For example, the Baoji-Chengdu railway line was seriously affected by collapses, landslides and subgrade deformation as a result of that earthquake, and these problems caused line disruptions. The number of railway disasters caused by the earthquake began to increase after 2011, which is attributed to more frequent earthquakes in China. Compared with 2000-2010 (except 2008) , the number of earthquakes with magnitudes greater than 4 increased by 59.3 times per year in 2011-2016.
The number of railway disaster events caused by tropical cyclones has increased since 2012. The historical records have shown that the number of tropical cyclones reaching China did not indicate a clear overall trend. But the average annual number of tropical cyclones with intensity greater than 14 (wind speed larger than 41.5 m/s) has increased from 3.2 to 4.6 (a 44% increase) from 2000-2011 to 2012-2016. The relatively high levels of cyclone activity since 2012 could be the reason for the increase in railway disasters.
The number of railway disaster events caused by snow was 29, which was less than the number of events caused by other hazards. In 2008 and 2015, two long-lasting freezing rain and snow events caused by the power grid failure and railway subgrade, which resulted in power failure and train disruptions.
3.1.2. Inter-monthly variation of railway natural disasters Different railway disasters show significant inter-monthly variations ( Figure 5 ). Rainfall-induced railway disasters mainly occurred between May and September, accounting for 94% of the total, and these events were especially concentrated in the summer season (June, July and August). July had 40% of the total, followed by June with 27%. This result is consistent with monsoon progression (Yu et al. 2011) during the year. From 2000 to 2016, the average annual precipitation in the summer season accounted for 47.8% of the annual precipitation. The main season for tropical cyclone railway disasters is from June through September (97%), and the peak of the disaster frequency is in August (58%). Tropical cyclone landings bring strong wind and are accompanied by heavy rainfall. Most trains were canceled in the areas affected by tropical cyclones.
The railway disasters caused by gale occurred mainly during the spring, accounting for 43% of the total, followed by winter (20%) and summer (19%). The railway gale disasters in Northwest China mainly occurred in spring due to the great pressure difference between the Siberian and Mongolian cold high pressures and warm low pressures in the Turpan Basin in spring.
The earthquake-induced railway disasters mainly concentrated in March and May, but this result does not indicate that earthquakes are prone to occur in these two months, and the large proportions recorded for these two months are caused by the Wenchuan earthquake in May 2008 and the earthquake in Yunan Province in March 2015.
The railway disasters caused by snow mainly occurred in November-February, accounting for 94% of the total, in which January had the highest proportion (48%), followed by November (21%); precautions should be taken against railway snow disasters during these months.
Spatial characteristics of railway natural disasters
To explore the spatial distribution of railway disasters, GIS mapping was conducted based on the locations of disasters. As shown in Figure 6 , more railway disasters were observed in southern China, while the number of disasters was relatively lower in northeastern and eastern China. At the provincial level, Sichuan had the highest share of railway disasters according to disaster occurrence times, followed by Guangdong and Hunan. Among all the regions, Tibet had the lowest number of railway disasters because of its low exposure.
Rainfall-induced flood disasters of railway lines were widespread in China, specifically in southern China. Sichuan, Chongqing, Jiangxi and Hunan experienced the most severe rainfall-induced railway disasters. From 2000 to 2016, the most affected railway line was the Beijing-Guangzhou railway line, followed by the Baoji-Chengdu railway line and the Shanghai-Kunming railway line. The regional distribution of rainfallinduced railway disasters was consistent with the spatial pattern of precipitation (Figure 7(a) ). The southern part of China receives significantly more rain, while central and northern China receive less rain. Although the northwestern region of China had less rain, railway flood disasters were observed. This result could be due to melting snow during spring and summer. Rainfall-induced landslides and debris flow disasters affecting railway lines mainly occurred in southwestern China, and these events were caused by short heavy rainfalls and poor geological conditions. Gale-induced railway disasters mainly occurred in the Lanzhou-Alashankou and Tulufan-Hetian railway lines in the northwestern part of Xinjiang Autonomous region, accounting for 92% of the total gale disasters, and others occurred in Liaoning, Shandong, Henan and Hubei provinces (Figure 7(b) ). The distribution of the railway gale disasters and the distribution of the daily average wind speed are consistent. According to the daily wind speed recorded by meteorological stations from 2000 to 2016, the daily average wind speeds (> 3 m s À1 ) are mainly distributed in Northwest China and some coastal areas in East China. Central and southern China have relatively low wind speeds. The railway lines of Lanzhou-Alashankou and Tulufan-Hetian are the two railway lines that are most affected by gale.
Earthquake-induced railway disasters were concentrated in western China. The railway lines prone to earthquake disasters include Lanzhou-Alashankou, Tulufan-Hetian, Baotou-Lanzhou, Baoji-Chengdu, Chengdu-Kunming and Neijiang-Kunming. The railway disaster distribution is consistent with the distribution of earthquakes in China (Figure 7(c) ). From 2000 to 2016, 4477 earthquakes with magnitudes greater than 4 occurred, with 72.8% occurring in the Qinghai-Tibet Plateau, which is the largest seismic zone in China with the strongest seismic activity and frequent occurrence of major earthquakes.
As shown in Figure 7(d) , tropical cyclone-induced railway disasters were concentrated in Southeast China. The tropical cyclones that influenced China formed in the Pacific Ocean or the South China Sea and landed along the southern and eastern seaboards of China. The railway lines on the islands of Taiwan, HongKong and Hainan, Guandong, Fujian and Zhejiang provinces were most susceptible to tropical cyclones.
Snow-induced railway disasters were relatively rare, mainly occurring in the Beijing-Haerbin and the Changchun-Dalian railway lines in Northeast China and in the Beijing-Guangzhou and Shanghai-Kunming railway lines in South China. The snow disaster frequency was not consistent with the snow distribution in China, as shown in Figure 7 (e). The reason for this difference is that the snow railway disasters that occurred in the Beijing-Guangzhou and Shanghai-Kunming railway lines were caused by powerline failures resulting from the snow and freezing ice disasters in 2008. The disaster resulted from multiple factors, including low temperature, rain and snow and freezing rain, and similar events were unrecorded before the observed meteorological data. (Ding et al. 2008) . Many trains were stopped, and millions of passengers were stuck in the Guangzhou railway station because there were no corresponding preventive measures for the unexpected snow and freezing disaster.
Railway exposure to hazards
Railway exposure to single hazards
The spatial distribution of railway disasters, with the exception of snow-induced railway disasters, shows obvious regional characteristics: Rainfall-induced railway disasters are caused by intense rainfall, which mainly occur in the floodplains of South China and have a great impact on the poor geological regions in Southwest China. Tropical cyclone-induced railway disasters are more extensive in the geographical regions where they land, while gale-induced railway disasters are constrained to areas with high wind speeds. The earthquake-induced railway disasters correspond to seismically active regions. For a better design of protection standards of railway infrastructures, we classified China into different hazard susceptibility zones according to the intensity of a hazard and the historical occurrence of railway disasters (Figure 8) . The susceptibility is classified into four levels: low, medium, high and very high, with threshold values summarized in Table 1 . The threshold values of hazards are determined as follows:
1. Extract the corresponding hazard intensities for the disaster affected railway lines.
The earthquake hazard intensities are based on peak ground accelerations (PGA) with a 10% probability of being exceeded in 50 years provided by China earthquake administration (GB 18306-2015 (GB 18306- , 2015 . For tropical cyclones, we used the wind speed with a return period of 500 years (Cardona et al. 2015) . For rainfall, the intensity was characterized as the number of days in excess of 95% of daily precipitation over 1970-2016, while the daily average wind speed over 2000-2016 was used to represent the intensity of gale. 2. Fit the cumulative distribution function (CDF) curve based on the extracted data. 3. The threshold values are determined as the 50th percentile, 25th percentile and 5th percentile of the fitted curve for very high susceptibility, high susceptibility and medium susceptibility, respectively. We further evaluated the proportion of Chinese railways under different hazard susceptibility levels, as summarized in Figure 9 . Approximately 34.35% and 21.96% of Chinese railways are exposed to very high and high rainfall susceptibility, respectively. Additionally, 1.91% and 46.12% are exposed to very high and high gale susceptibility, respectively, 18.22% and 11.61% are exposed to very high and high earthquake susceptibility, respectively, and 7.18% and 5.90% are exposed to very high and high tropical cyclone susceptibility, respectively.
Railway exposure to multihazard
A multihazard exposure map of Chinese railway is generated based on single hazard exposure maps using a weighted average method. The single hazard susceptibility levels ( Figure 8 ) from low to very high are assigned values from 1 to 4 and the multihazard level is the summation of each single hazard's level multiplied by its weight. The weight of the ith hazard W i is calculated as the proportion of railway disaster events induced by the ith hazard to the total number of disaster events:
Where f i represents the railway disaster events induced by the ith hazard from 2000 to 2016 as shown in Table 2 . F is the total number of railway disaster events from 2000 to 2016. The calculated weight ratio of each single hazard is shown in Table 2 .
The exposure of Chinese railways to multiple hazards is shown in Figure 10 . The results show that the length of Chinese railways exposed to very high hazard susceptibility is approximately 15.10%, and most railways are categorized in a high susceptibility level, accounting for 41.88% of the total. The railway lines in southeastern and southwestern China have the highest multihazard susceptibility values. We also investigated the exposure of the newly planned lines from 2016 to 2025 to different disaster susceptibilities. As shown in Figure 10 , the density of the national railway system will increase significantly. Among these lines, 16.11% are exposed to very high disaster susceptibility, and these lines are concentrated in the southeastern area of Qinghai-Tibet Plateau and Southeast of China. Furthermore, 41.62% and 31.06% are exposed to high and medium disaster susceptibility levels, respectively. More attention and priority should be paid to the construction of railway lines on the high disaster susceptibility regions.
Conclusion
This study aimed to analyze the spatiotemporal characteristics of natural disasters affecting the Chinese railway and the exposure of railway infrastructures to multiple hazards. In doing so, we created the first database of Chinese railway disasters for the period of Figure 10 . Multihazard exposure map of Chinese railways. Source: Kai Liu.
2000-2016 and further performed hazard mapping based on the relationship between railway disasters and hazard intensity. The main findings of this study are as follows:
1. Railway disasters caused by rainfall are dominant, accounting for 72.05% of the total, followed by gale disasters (13.35%), earthquakes (5.28%), tropical cyclones (4.81%) and snow (4.5%). 2. Railway disasters show clear inter-monthly differences and regional characteristics which are highly correlated with the meteorological and geological characteristics of China. The distribution of railway disasters caused by rainfall is widespread but mainly occur in southern China during summer season. The railway disasters caused by gale are concentrated in Northwest China and mainly occur in spring season. The railway lines in the southeastern area are prone to tropical cyclones for the time period from June to September. Railway lines threatened by earthquakes are concentrated in the southwestern and northwestern regions of China. 3. Based on the hazard map, we found that approximately 34.35%, 1.91%, 18.22% and 7.18% of railway lines are exposed to very high hazard susceptibility of rainfall, gale, earthquake and tropical cyclone events, respectively. Approximately 15.10% of railway lines are exposed to very high multihazard susceptibility. Furthermore, 16.11% of planned railway lines are exposed to very high disaster susceptibility. Precautions should be taken with the interpretation of these results for better disaster management in the Chinese railway system.
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